Abstract: This paper presents a three-dimensional finite element model to confirm experimental tests carried out on steel reinforced concrete joints. The nonlinear behavior of this concrete is simulated, along with its reduced capability to resist large displacements in compression. The aim was to obtain the plastic behavior of reinforced concrete beams with a numerical model in the same way as obtained experimentally, in which the reduction of strength in the post-critical stage was considered to simulate behavior until structures collapsed. To do this, a nonlinear calculation was necessary to simulate the behavior of each material. Three numerical models provide a moment-curvature graph of the cross-section until collapse. Simulation of the structural elements is a powerful tool that avoids having to carry out expensive experimental tests. From the experimental results a finite element model is simulated for the non-linear analysis of steel reinforced concrete joints. It is possible to simulate the decreasing stress behavior of the concrete until reaching considerable displacement. A new procedure is discussed to capture the moment-curvature diagram. This diagram can be used in a simplified frame analysis, considering post-critical behavior for future research.
Introduction
Reinforced concrete framed structures are the most commonly used structural system in our society, especially in residential typologies. These reinforced concrete structures offer high ductility and break usually on joints when faced with seismic action, and it is necessary to analyze if reinforcement is capable of absorbing a large amount of energy to avoid failing structures. The higher ductility, the greater energy absorption becomes against earthquakes and the greater the deformation that can be achieved without structural collapsing.
According to Akiyama [1] , the first controversy on flexibility and rigidity started in Japan after the Kanto earthquake. From the 1960s, a need emerged to add strength and stiffness to structures when planning to build them in areas at high seismic risk. The last step was to provide buildings with elements designed to dissipate the energy generated by earthquakes with base insulation and layers of elastomers to absorb horizontal displacement.
The three specimens were analyzed by numerical simulation to compare the results with the experimental tests. The model beam corresponded to a T-joint of a conventional frame with a concentrated load, which corresponded to a horizontal or vertical force ( Figure 1 ). The T shape was chosen because of the test frame's characteristics. Different constructive solutions were considered chosen because of the test frame's characteristics. Different constructive solutions were considered to analyze the real behavior of the beam from the elastic to plastic range and collapse. Load was defined as a prescribed displacement located in the center of the beam to know its plastic behavior. The first model, P03, was a 3.6 m long pinned beam with a concentrated load in the center, with a steel reinforcement of four bars (12 mm in diameter). The second model, P04, had the same reinforcement, but with the addition of a 2 m long HEB-100 cross-section in the central part. The third model, P05, was a reinforced concrete beam capable of supporting a similar load to the P04 model, but without the metallic section, with a steel reinforcement of two bars (16 mm in diameter) and two bars (20 mm in diameter) ( Figure 2 ). Our conclusions were similar to those reached by recognized studies with more complex frames in which loads were applied in a reverse direction, such as in reference [2] . Recent research, such as in reference [3] , shows that high-strength reinforced concrete structures confined with tubular profiles and embedded metal profiles display the best behavior. Reinforced concrete is a difficult material to model with the finite element method. Wide-ranging studies have simulated the behavior of reinforced concrete with finite element software but very few have simulated the plastic region in which concrete cracks reduce its strength. There are several computational mechanics models to describe the behavior of concrete. Some models are focused on different approaches of the cracking process, including smeared crack, damage, and plasticity models [4] [5] [6] .
In this work, the model presents the same modulus of elasticity for tension and compression in the elastic region. Otherwise, this model allows us to simulate different plastic behavior for the material in tension and compression. This is the studied case; the behavior from yield is different in tension and compression for the material.
The yield strength and isotropic hardening behavior may be different in tension and in compression. Different yield criteria and plastic flow potentials are used for tension and compression.
The tension behavior is pressure-dependent, and the Rankine maximum stress criterion is used. The compression behavior is pressure-independent, and the von Mises yield criterion is used [7, 8] .
With Abaqus software, the numerical results were compared to the experimental results obtained in reference [9] but the models cannot simulate all the plastic regions with reduced strength until failure. Other studies have compared and introduced the solid material in Ansys to model reinforced concrete excluding the plastic region [10] .
The nonlinearity and geometry of the material make it difficult to model with the finite element method [11] . A nonlinear simulation was carried out by the finite element method with the Ansys software. The simulation with a damage-based model of concrete (Solid65) did not allow large displacements and resulted in an unstable model that was not valid for the present research. It was possible to obtain images of the initial cracks of the concrete in deflections up to 10 mm. Concrete structures reinforced with metal sections have been used in many countries with high seismic risk. In steel reinforced concrete structures, the ductility of the material and its capability to absorb energy are improved, while protecting the steel against fire [12] .
Other studies such as [13, 14] analyze the reinforcement of structures at joints and in walls with steel sections.
The PhD thesis of Suswanto [15] analyzes experimentally and numerically the behavior of eight joints: Four of the steel-reinforced concrete in columns and beams (SRC), three of the steel-reinforced concrete in columns and the steel in beams (SRCS), and one steel joint in columns and beams (S). Tests were carried out with vertical cyclic loads. The moment-curvature graphs, obtained numerically by XTRACT Analysis Report software, are particularly significant. The studies of Anastasiadis, Mosoarca, and Gioncu [16] facilitate the understanding of the relationship between the capability of the rotation of a beam and its ductility. The PhD thesis by Fenollosa [17] is of special interest when analyzing the behavior of composite steel and concrete columns subjected to bending and compression.
In recent years, there have been numerous studies [18] [19] [20] [21] [22] [23] [24] [25] [26] analyzing the behavior of reinforced concrete joints. In particular, models with moment-curvature graphs are an interesting way to simulate the complex behavior of large structures [27] .
Finite element models improve the understanding of mechanical behavior and allow new variables and alternatives to be introduced without having to conduct expensive experimental tests. These models must be adjusted, compared, and validated with the experimental results until reliable results are achieved.
Objectives
The objective of this paper is to describe the process of developing a three-dimensional model capable of reproducing the experimental tests in the thesis of the first author [28] in all the behavior stages until the material's failure.
The intention is to simulate the loss of strength of concrete in the post-critical stage in large strains with all their integrating elements to obtain a moment-curvature graph. The ultimate goal is to analyze in future research the behavior of the 2D and 3D simplified bar frames depicted by these moment-curvature graphs subjected to vertical and horizontal loads, to simulate the seismic effect and compare the results obtained in different constructive solutions. Figure 3 shows the experimental set-up used to test the specimens. The reinforced concrete prototypes were manufactured in the civil engineering laboratory with the HA-25 concrete. These prototypes were tested in a Servosis test frame (model ME-406/30, Servosis, Madrid, Spain), which can apply a maximum force of 300 kN. moment-curvature graphs subjected to vertical and horizontal loads, to simulate the seismic effect and compare the results obtained in different constructive solutions. Figure 3 shows the experimental set-up used to test the specimens. The reinforced concrete prototypes were manufactured in the civil engineering laboratory with the HA-25 concrete. These prototypes were tested in a Servosis test frame (model ME-406/30, Servosis, Madrid, Spain), which can apply a maximum force of 300 kN. The load is applied as an imposed displacement in the center of the simply supported beam. The values of the obtained displacements are repeated twice, in load-unload cycles, and they increase with a parabolic progression until the maximum value of 330 mm.
A vertical force-displacement graph is obtained in the center of the beam.
Numerical Simulation

Numerical Model
The analysis of the model is nonlinear, with two nonlinearities: Material and geometry. The model was made with the APDL module in ANSYS, in its windows graphic interface, by introducing loads as displacements imposed to perform plastic simulation. To build the model, the ANSYS APDL module, versions 16.2 and 17.2, were used with the research license of the Department of Civil Engineering at the University of Alicante. The simulated specimens are described in Table 1 . Three specimens were simulated: P03 with no steel section, P04 with a steel section, and P05 with no steel section, but with P04's strength and large deflections. For the geometry, the model was divided into volumes to control the meshing process (see Figure 4) . The load is applied as an imposed displacement in the center of the simply supported beam. The values of the obtained displacements are repeated twice, in load-unload cycles, and they increase with a parabolic progression until the maximum value of 330 mm.
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Numerical Model
The analysis of the model is nonlinear, with two nonlinearities: Material and geometry. The model was made with the APDL module in ANSYS, in its windows graphic interface, by introducing loads as displacements imposed to perform plastic simulation. To build the model, the ANSYS APDL module, versions 16.2 and 17.2, were used with the research license of the Department of Civil Engineering at the University of Alicante. The simulated specimens are described in Table 1 . Three specimens were simulated: P03 with no steel section, P04 with a steel section, and P05 with no steel section, but with P04's strength and large deflections. For the geometry, the model was divided into volumes to control the meshing process (see Figure 4 ). To achieve the convergence of the solution, displacements were applied instead of forces.
Materials
In the Ansys software, the material used in the finite element model for concrete predicts the failure of quasi-brittle materials. Concrete, a quasi-brittle material, is simulated with a simplified model in which the stress-strain graph decreases in the last part after the maximum stress value (see Figure 5 ). An eight nodes element with three degrees of freedom in each node (Solid 185) was used for simulating concrete. In this study, the fragile behavior of the material was considered with both ways of failure (tension and compression), and its strength was significantly reduced in compression to simulate the collapse. The used model material has yield strength and isotropic hardening behavior and was different in tension and in compression. It has been implemented from the stress-strain graph and obtained experimentally for solid elements ( Figure 6) . A model was designed in which strength decreased when displacements increased due to the cracking concrete. To achieve the convergence of the solution, displacements were applied instead of forces.
In the Ansys software, the material used in the finite element model for concrete predicts the failure of quasi-brittle materials. Concrete, a quasi-brittle material, is simulated with a simplified model in which the stress-strain graph decreases in the last part after the maximum stress value (see Figure 5 ). An eight nodes element with three degrees of freedom in each node (Solid 185) was used for simulating concrete. To achieve the convergence of the solution, displacements were applied instead of forces.
In the Ansys software, the material used in the finite element model for concrete predicts the failure of quasi-brittle materials. Concrete, a quasi-brittle material, is simulated with a simplified model in which the stress-strain graph decreases in the last part after the maximum stress value (see Figure 5 ). An eight nodes element with three degrees of freedom in each node (Solid 185) was used for simulating concrete. In this study, the fragile behavior of the material was considered with both ways of failure (tension and compression), and its strength was significantly reduced in compression to simulate the collapse. The used model material has yield strength and isotropic hardening behavior and was different in tension and in compression. It has been implemented from the stress-strain graph and obtained experimentally for solid elements ( Figure 6 ). A model was designed in which strength decreased when displacements increased due to the cracking concrete. In this study, the fragile behavior of the material was considered with both ways of failure (tension and compression), and its strength was significantly reduced in compression to simulate the collapse. The used model material has yield strength and isotropic hardening behavior and was different in tension and in compression. It has been implemented from the stress-strain graph and obtained experimentally for solid elements ( Figure 6 ). A model was designed in which strength decreased when displacements increased due to the cracking concrete. The model materials for the reinforcing steel bars had the same properties as those tested experimentally, and the most suitable material was used in each model. B500S steel was introduced into the model like linear elements with isotropic multilinear behavior (multilinear isotropic hardening) (Figure 7 ), which was similar to the experimental behavior. All the reinforcing bars were generated using linear elements with three degrees of freedom at the ends (LINK180). The concrete and steel nodes were coincident and share the degrees of freedom. Figure 8 shows the stress-strain graph behavior introduced into the material used as reinforcing bars for the simulation. The model materials for the reinforcing steel bars had the same properties as those tested experimentally, and the most suitable material was used in each model.
B500S steel was introduced into the model like linear elements with isotropic multilinear behavior (multilinear isotropic hardening) (Figure 7 ), which was similar to the experimental behavior. The model materials for the reinforcing steel bars had the same properties as those tested experimentally, and the most suitable material was used in each model.
B500S steel was introduced into the model like linear elements with isotropic multilinear behavior (multilinear isotropic hardening) (Figure 7 ), which was similar to the experimental behavior. All the reinforcing bars were generated using linear elements with three degrees of freedom at the ends (LINK180). The concrete and steel nodes were coincident and share the degrees of freedom. Figure 8 shows the stress-strain graph behavior introduced into the material used as reinforcing bars for the simulation. All the reinforcing bars were generated using linear elements with three degrees of freedom at the ends (LINK180). The concrete and steel nodes were coincident and share the degrees of freedom. Figure 8 shows the stress-strain graph behavior introduced into the material used as reinforcing bars for the simulation. To generate the HEB section, a linear element of six degrees of freedom in each node (BEAM188) was used, with axial, shear, and bending capabilities. The cross-section HEB100 was assigned to this element.
The S275 steel for the section was modelled with bilinear behavior to facilitate convergence (see Figure 9 ), with a different elastic limit from the steel of the reinforcing bars. The modulus of elasticity was 210 GPa for both steels and Poisson's ratio was 0.3. Eurocode 3 [30] considers plastic calculation using a graph with a residual slope in the plastic region, with slight hardening in deflection (see Figure 10 ). To generate the HEB section, a linear element of six degrees of freedom in each node (BEAM188) was used, with axial, shear, and bending capabilities. The cross-section HEB100 was assigned to this element.
The S275 steel for the section was modelled with bilinear behavior to facilitate convergence (see Figure 9 ), with a different elastic limit from the steel of the reinforcing bars. The modulus of elasticity was 210 GPa for both steels and Poisson's ratio was 0.3. To generate the HEB section, a linear element of six degrees of freedom in each node (BEAM188) was used, with axial, shear, and bending capabilities. The cross-section HEB100 was assigned to this element.
The S275 steel for the section was modelled with bilinear behavior to facilitate convergence (see Figure 9 ), with a different elastic limit from the steel of the reinforcing bars. The modulus of elasticity was 210 GPa for both steels and Poisson's ratio was 0.3. Eurocode 3 [30] considers plastic calculation using a graph with a residual slope in the plastic region, with slight hardening in deflection (see Figure 10 ). Eurocode 3 [30] considers plastic calculation using a graph with a residual slope in the plastic region, with slight hardening in deflection (see Figure 10 ). This facilitates the numerical convergence of calculations without significantly varying the results. Loss of resistant capacity was not contemplated due to steel breakage.
Simulated Models
Reinforced Concrete Beam P03
The models with 200 mm displacement at the center of the beam are presented, in which reinforcement presents plasticity. Figure 11 shows the maximum deflection. This facilitates the numerical convergence of calculations without significantly varying the results. Loss of resistant capacity was not contemplated due to steel breakage.
Simulated Models
Reinforced Concrete Beam P03
Simulated Models
Reinforced Concrete Beam P03
The models with 200 mm displacement at the center of the beam are presented, in which reinforcement presents plasticity. Figure 11 shows the maximum deflection. Figure 13 shows the plastic region of the upper and lower reinforcements, with a maximum stress of 376.5 MPa. The maximum stress was reached in previous stages as the maximum strain of 0.003 was very low and was achieved in the initial nonlinear calculation steps (Figure 14) . The total strain of the steel and concrete in the contact areas was the same, which ensured correct adherence as nodes were coincident. The elastic strain corresponded to the elastic limit of steel of 400 MPa, which was 0.001, whose maximum value was 0.25 (see Figure 15 ). Figure 13 shows the plastic region of the upper and lower reinforcements, with a maximum stress of 376.5 MPa. The maximum stress was reached in previous stages as the maximum strain of 0.003 was very low and was achieved in the initial nonlinear calculation steps (Figure 14) . The total strain of the steel and concrete in the contact areas was the same, which ensured correct adherence as nodes were coincident. The elastic strain corresponded to the elastic limit of steel of 400 MPa, which was 0.001, whose maximum value was 0.25 (see Figure 15 ). Figure 13 shows the plastic region of the upper and lower reinforcements, with a maximum stress of 376.5 MPa. The maximum stress was reached in previous stages as the maximum strain of 0.003 was very low and was achieved in the initial nonlinear calculation steps ( Figure 14) . The total strain of the steel and concrete in the contact areas was the same, which ensured correct adherence as nodes were coincident. The elastic strain corresponded to the elastic limit of steel of 400 MPa, which was 0.001, whose maximum value was 0.25 (see Figure 15 ). The information obtained from the evolution of the force-displacement diagram during the vertical force application was evaluated. The results were similar to those from the experimental results (see Figures 16 and 17) . The three-dimensional model was able to reproduce experimental tests in the thesis of the first author of this paper [28] . Different constructive solutions of the representative beam of the gantry (see Table 1 ) were submitted to a growing cyclic loading and unloading process to know their real behavior in elastic and plastic phases until breakage occurred, which was achieved only in the less ductile sets. Load was introduced as a displacement imposed on the center of the beam. Figure 17 shows the envelope curve of the real test. The information obtained from the evolution of the force-displacement diagram during the vertical force application was evaluated. The results were similar to those from the experimental results (see Figures 16 and 17) . The three-dimensional model was able to reproduce experimental tests in the thesis of the first author of this paper [28] . Different constructive solutions of the representative beam of the gantry (see Table 1 ) were submitted to a growing cyclic loading and unloading process to know their real behavior in elastic and plastic phases until breakage occurred, which was achieved only in the less ductile sets. Load was introduced as a displacement imposed on the center of the beam. Figure 17 shows the envelope curve of the real test. The information obtained from the evolution of the force-displacement diagram during the vertical force application was evaluated. The results were similar to those from the experimental results (see Figures 16 and 17) . The three-dimensional model was able to reproduce experimental tests in the thesis of the first author of this paper [28] . Different constructive solutions of the representative beam of the gantry (see Table 1 ) were submitted to a growing cyclic loading and unloading process to know their real behavior in elastic and plastic phases until breakage occurred, which was achieved only in the less ductile sets. Load was introduced as a displacement imposed on the center of the beam. Figure 17 shows the envelope curve of the real test. By introducing the concrete material with the elastoplastic behavior with a decreasing final part in the graph, the results were comparable to those obtained experimentally.
Steel-Reinforced Concrete Beam P04
The second model to be analyzed was an HEB100 cross-section embedded in the center of the section. The deflection at the center of the beam reached 350 mm (see Figure 18 ). By introducing the concrete material with the elastoplastic behavior with a decreasing final part in the graph, the results were comparable to those obtained experimentally.
The second model to be analyzed was an HEB100 cross-section embedded in the center of the section. The deflection at the center of the beam reached 350 mm (see Figure 18) . The tensile stresses in concrete were very small in the lower part of the joint and corresponded to the value introduced into the stress-strain diagram. For the maximum deflection, we observed that the maximum compression stress in the concrete was 16.28 MPa, which caused cracking and loss of strength as it was introduced into the stress-strain diagram of the material represented in Figure 6 . The tensile stresses in concrete were very small in the lower part of the joint and corresponded to the value introduced into the stress-strain diagram. For the maximum deflection, we observed that the maximum compression stress in the concrete was 16.28 MPa, which caused cracking and loss of strength as it was introduced into the stress-strain diagram of the material represented in Figure 6 . The tensile stresses in concrete were very small in the lower part of the joint and corresponded to the value introduced into the stress-strain diagram. For the maximum deflection, we observed that the maximum compression stress in the concrete was 16.28 MPa, which caused cracking and loss of strength as it was introduced into the stress-strain diagram of the material represented in Figure 6 . The effect of the joint on the stress of the steel profile is seen in Figure 21 , with reduced maximum stress compared to prototype P03. In this region, the strength of the materials was not applicable. The results obtained were similar to the results of the experimental model of prototype P04 (see Figures 22 and 23) . Figure 23 shows the cyclic loading and unloading process and the envelope curve of the real test. The effect of the joint on the stress of the steel profile is seen in Figure 21 , with reduced maximum stress compared to prototype P03. In this region, the strength of the materials was not applicable. The effect of the joint on the stress of the steel profile is seen in Figure 21 , with reduced maximum stress compared to prototype P03. In this region, the strength of the materials was not applicable. The results obtained were similar to the results of the experimental model of prototype P04 (see Figures 22 and 23) . Figure 23 shows the cyclic loading and unloading process and the envelope curve of the real test. The results obtained were similar to the results of the experimental model of prototype P04 (see Figures 22 and 23) . Figure 23 shows the cyclic loading and unloading process and the envelope curve of the real test. 
Reinforced Concrete Beam P05
The third analyzed model had similar strength to model P04 with the embedded HEB100 crosssection, but without the metal section, and with greater reinforcement than model P03. The maximum deflection imposed was 200 mm, the same as in the experimental test (Figure 24 ). 
The third analyzed model had similar strength to model P04 with the embedded HEB100 cross-section, but without the metal section, and with greater reinforcement than model P03. The maximum deflection imposed was 200 mm, the same as in the experimental test (Figure 24 ). The plasticity of the upper and lower reinforcements is observed in Figure 26 , which is superior to the previous model, up to 372 MPa for compression. The plasticity of the upper and lower reinforcements is observed in Figure 26 , which is superior to the previous model, up to 372 MPa for compression. The plasticity of the upper and lower reinforcements is observed in Figure 26 , which is superior to the previous model, up to 372 MPa for compression. The plasticity of the upper and lower reinforcements is observed in Figure 26 , which is superior to the previous model, up to 372 MPa for compression. The obtained results were similar to those of the numerical test of prototype P05 (Figures 27  and 28 ). Figure 28 shows the cyclic loading and unloading process and the envelope curve of the real test. The obtained results were similar to those of the numerical test of prototype P05 (Figures 27 and  28 ). Figure 28 shows the cyclic loading and unloading process and the envelope curve of the real test. 
M-χ Nonlinear Graph
A moment-curvature graph can be obtained in the section next to the joint to copy the characteristics of the analyzed models and for nonlinear calculations of a structure made with prismatic elements. The curvature caused by the bending moment is defined as the relative rotation of the faces of a slice of differential length per unit length. The overturn induced by a moment in a given section can be analyzed (Figure 29 ). For the same bending moments, the curvature is higher if the section is more flexible. The obtained results were similar to those of the numerical test of prototype P05 (Figures 27 and  28 ). Figure 28 shows the cyclic loading and unloading process and the envelope curve of the real test. 
A moment-curvature graph can be obtained in the section next to the joint to copy the characteristics of the analyzed models and for nonlinear calculations of a structure made with prismatic elements. The curvature caused by the bending moment is defined as the relative rotation of the faces of a slice of differential length per unit length. The overturn induced by a moment in a given section can be analyzed (Figure 29 ). For the same bending moments, the curvature is higher if the section is more flexible. 
A moment-curvature graph can be obtained in the section next to the joint to copy the characteristics of the analyzed models and for nonlinear calculations of a structure made with prismatic elements. The curvature caused by the bending moment is defined as the relative rotation of the faces of a slice of differential length per unit length. The overturn induced by a moment in a given section can be analyzed (Figure 29 ). For the same bending moments, the curvature is higher if the section is more flexible. This novel procedure consisted of a three-dimensional finite element model validated by the experimental models to obtain the moment-curvature graph from the strains and moments in the section. The moment-curvature graph was obtained from the solid model. The curvature obtained was the difference of the strain on the x-axis of the upper and lower nodes of the section at 100 mm of the face of the column divided by the height of the section. The moment-curvature graph allowed bar structures to be simulated with a nonlinear analysis, like the moment of the section was related to its curvature, a relationship in which the reduction of the inertia of concrete by cracking was implicit.
Different procedures to obtain the moment-curvature graph in reinforced concrete were analyzed. The moment-curvature graph of the section can be obtained with computer programs, in which a section is defined with the properties of the materials that compose it. From the validated model, the moment-curvature graph was obtained in different sections at 1.4 m and 1.3 m from the support. The section at 1.4 m was considered valid to obtain the graph because it was plastified and reached the highest values of the moment and curvature. The moment-curvature values at 1.5 m from the support were not valid when the influence of column stiffness was checked. Figure 30 shows the moment-curvature graphs of specimens P03, P04, and P05 in the section 1400 mm from the support, which can be used to analyze frames of bars by considering post-critical behavior. The graph of prototype P04 shows a wider range of ductility compared to the other two, where failure prevented higher strains from being reached. It is noteworthy that for materials like concrete, which deteriorates with big strains, the moment-curvature graph decreased for large curvatures after it was verified that the behavior of the beam was similar to what is seen in the stressstrain diagram in this case (Figure 30 ). This novel procedure consisted of a three-dimensional finite element model validated by the experimental models to obtain the moment-curvature graph from the strains and moments in the section. The moment-curvature graph was obtained from the solid model. The curvature obtained was the difference of the strain on the x-axis of the upper and lower nodes of the section at 100 mm of the face of the column divided by the height of the section. The moment-curvature graph allowed bar structures to be simulated with a nonlinear analysis, like the moment of the section was related to its curvature, a relationship in which the reduction of the inertia of concrete by cracking was implicit.
Different procedures to obtain the moment-curvature graph in reinforced concrete were analyzed. The moment-curvature graph of the section can be obtained with computer programs, in which a section is defined with the properties of the materials that compose it. From the validated model, the moment-curvature graph was obtained in different sections at 1.4 m and 1.3 m from the support. The section at 1.4 m was considered valid to obtain the graph because it was plastified and reached the highest values of the moment and curvature. The moment-curvature values at 1.5 m from the support were not valid when the influence of column stiffness was checked. Figure 30 shows the moment-curvature graphs of specimens P03, P04, and P05 in the section 1400 mm from the support, which can be used to analyze frames of bars by considering post-critical behavior. The graph of prototype P04 shows a wider range of ductility compared to the other two, where failure prevented higher strains from being reached. It is noteworthy that for materials like concrete, which deteriorates with big strains, the moment-curvature graph decreased for large curvatures after it was verified that the behavior of the beam was similar to what is seen in the stress-strain diagram in this case (Figure 30 ). This novel procedure consisted of a three-dimensional finite element model validated by the experimental models to obtain the moment-curvature graph from the strains and moments in the section. The moment-curvature graph was obtained from the solid model. The curvature obtained was the difference of the strain on the x-axis of the upper and lower nodes of the section at 100 mm of the face of the column divided by the height of the section. The moment-curvature graph allowed bar structures to be simulated with a nonlinear analysis, like the moment of the section was related to its curvature, a relationship in which the reduction of the inertia of concrete by cracking was implicit.
Different procedures to obtain the moment-curvature graph in reinforced concrete were analyzed. The moment-curvature graph of the section can be obtained with computer programs, in which a section is defined with the properties of the materials that compose it. From the validated model, the moment-curvature graph was obtained in different sections at 1.4 m and 1.3 m from the support. The section at 1.4 m was considered valid to obtain the graph because it was plastified and reached the highest values of the moment and curvature. The moment-curvature values at 1.5 m from the support were not valid when the influence of column stiffness was checked. Figure 30 shows the moment-curvature graphs of specimens P03, P04, and P05 in the section 1400 mm from the support, which can be used to analyze frames of bars by considering post-critical behavior. The graph of prototype P04 shows a wider range of ductility compared to the other two, where failure prevented higher strains from being reached. It is noteworthy that for materials like concrete, which deteriorates with big strains, the moment-curvature graph decreased for large curvatures after it was verified that the behavior of the beam was similar to what is seen in the stressstrain diagram in this case (Figure 30 ). 
Conclusions
Based on the results obtained in this paper, the following comments and conclusions are presented: -The analysis was conducted by three-dimensional finite element models of specimens P03, P04, and P05, which were analyzed experimentally in previous research. -
The force-displacement graph results obtained in the three models were similar to the experimental tests. -
The increase of force in the plastic region when it reached the large displacement was due to descending branches in the steel not being included, which generated hardening for large strains and did not include loss of strength due to failure. This will be studied in future research. -
The model with the steel section reinforcement worked with less stress, but with more length affected. In the model with no reinforcement section, the damage was concentrated more on the part of the joint, while a force distribution effect along the beam was obtained for steel, with more rigidity and strength for the model with the metal cross-section than the model without it. -
The analysis of the stress-strain graphs of the materials for large deflections to conduct nonlinear simulations of large displacements was essential to predict the descending branches in the plastic region. -A very interesting capability of this model was that it generated decreasing moment-curvature graphs due to partial or total fatigue or failure of materials. This is a novel procedure, which is easy to apply. -
The graphic moment-curvature of specimens P03, P04, and P05 in the section to 1400 mm supports entering the data in the following model of bars. The graph of P04 allows a greater range of ductility than the other two, where the break prevented reaching greater strains. -Simulation with the numerical models is able to analyze complex situations. In particular, the model of simplified bars with the relationship of moment-curvature allows nonlinear calculation until reaching large displacements, taking into account the reduction of rigidity because of the cracking of the concrete. -A new procedure was developed to obtain the moment-curvature graphs of the sections from the numerical models. The moment-curvature diagram can be used in the simplified bar analysis by contemplating post-critical behavior in future research.
